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ABSTRACT 

This article reports the advances on the development of mid-infrared integrated optics for stellar interferometry. 
The devices are fabricated by laser writing techniques on chalcogenide glasses. Laboratory characterizaton is 
reported and analyzed. 
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1. INTRODUCTION 

The next decades will see the arrival of new large facilities like the Extremely Large Telescopes (ELTs) that 
will durably impact the observing capabilities in infrared astronomy. The advent of such gigantic facilities has 
triggered new ideas in designing the future instruments, in contrast with the conventional bulk optics designs, 
in which element size and cost scale with telescope size. Photonics sciences can feed such new ideas. So far, 
photonics has been exploited for astronomical applications in few specific cases, such as for fiber-fed multi-object 
spectrograph. But the integration of a whole set of functions is somehow more recent. The synergy between the 
two fields gave birth to the recently highlighted field of "astrophotonics" 1 . 

The clear advantage is on the miniaturization of many instruments thanks to the fact that many optical functions 
can be integrated on a small chip and executed by means of waveguide couplers and switches, fibcred remapping 
arrays, intensity and amplitude control, Bragg gratings optical filters and integrated spectrographs, or even new 
functions can be invented (e.g. pupil remapping). Typical dimensions of photonics components offer a great level 
of spatial integration, with consequent advantages on the cost, the production or the cryogeny of the instruments. 
One field that has greatly benefited from photonics devices is interferometry. A particular characteristic of the 
photonics approach in interferometry is to rely on the single-mode behavior of the photonics components, which 
in addition to the strong level of instrument integration enables the modal filtering of the incoming wavefronts 
otherwise corrugated by the atmospheric turbulence. This permits a good calibration of the interferometric 
visibilities, helped in this by the simultaneous acquisition of the photometric signals. 

In the last decade, photonics applications for interferometry has mainly been translated into the use of fibers 
and fiber couplers (e.g. FLUOR 2 ' 3 , AMBER 4 , CHARA/MIRC 5 ), as well as of integrated optics components 
(IONIC/IOTA 6 , PIONEER/VLTI 7 ), producing high quality science results and unprecedented images at very 
high angular resolution. Relying on this success, future instruments such as GRAVITY at the VLTI are being 
constructed on the basis of an fiber-fed integrated optics beam combiner. 

While the impact of photonics components on the ultimate science goals has been now widely recognized for 
the near-infrared bands, a transverse approach can be considered for the mid-infrared bands. Indeed, photonics 
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components have been so far developed and adapted for stellar interferometry in the 1.2 - 2.4/zm wavelength 
range. This is a spectral domain where the silica-based technology - mainly backed by the telecom industry 
- is well mastered to produce reliable single-mode waveguides. In a recent review paper 8 , we underlined how 
the 2.4 /<m limit represent a real challenge for mid-infrared photonics: while the technical feasibility of such 
components has been sporadically proved via a variety of solutions, the lack of a stable and "universal" platform 
able to produce mid-infrared / single-mode / low loss / complex integrated optical circuits waveguides has so far 
limited the large expansion of the field of photonics in the 3-30 /im. 

However, mid-IR photonics would be of great interest for a high number of science cases in infrared astronomy, 
detailed elsewhere. Historically, research on mid-infrared guided optics has also been actively supported by 
astronomers in view of future space-based interferometers. This is one of the reasons we have pursued in these 
last years a technology program bringing together astronomers and photonicists to develop specific solutions for 
interferometry-oriented mid-IR integrated optics. The current status is presented in this paper. 

2. ACCESSING THE MID-INFRARED WAVELENGTH RANGE 

Fabricating waveguides operating beyond 2.4 /im and implementing them on an astronomical facility has been 
tried - sometimes with relative success - for many years. On the astrophysics side, the TISIS experiment on IOTA 
was the only interferometric test showing the successful obtention of stellar fringes at 3.5 /im using a X-shaped 
fluoride glass single-mode fiber coupler 9 . While limited to the measurement of stellar diameters, it exhibited 
a remarkable instrumental stability. On the photonics side, the work done by different groups - in particular 
outside the field of astronomy - is much. We aim at summarizing hereafter some of the different research 
directions targeting the development of mid-IR guided optics. However, the field is so vast and diversified in 
its applications that we do not claim any exhaustivity. We rather attempt to put this research into the wider 
context of a possible and asserted interferometric interest. 

2.1. The fiber approach 

Fibers have been using in astronomy since many years for numerous applications such as multi-object spec- 
troscopy, integral-field spectroscopy, high-precision radial velocity and interferometry. We only briefly discuss 
here the last case and refer to Hcacox& Connes (1992) 10 for a detailed review on the use of fibers in astron- 
omy. As theoretically described by different authors 11 ' 12 , single-mode fibers can improve the accuracy of the 
interferometric visibilities (down to 1 %) by mean of modal filtering, in particular when coupled to AO and in 
the low-light regime. This approach was successfully implemented on the IOTA interferometer 13 and on the 
succeeding near-IR facilities. In order to improve on the overall throughput, subsequent research programs have 
been funded to developed fluoride fibers optimized for the 2-2.4 ^tm range. 

At mid-infrared wavelengths, single-mode fibers have acquired high interest as wavefront modal filters 14 in the 
context of high-contrast nulling interferometry missions like DARWIN or TPF-I that would operate in the 4- 
20 /im range. The requirement of high throughput coupled to the need of single-mode operation over a wide 
spectral range has raised interest among different groups who have proposed two type of technologies, namely 
silver-halide fibers 15, 16 and chalcogenide fibers 17, 18 based on research glasses to extend the wavelength coverage. 
Additional options are hollow core fibers (Rutgers university/OKSI, Inc.) and photonic bandgap fibers. One 
should keep in mind that for such a wide spectral range these fibers need to be optimized for well-defined sub- 
bands. 19 Single- mode infrared fibers and hollow-core fibers 20 are also available commercially, although they do 
not always offer a large spectral bandwidth of operation. 21 

2.2. The integrated-systems approach 

As mentioned earlier, integrated optics is a branch of photonics offering a high level of compactness for many 
passive functions vital to astronomy and interferometry. Active devices such as LiNb03 modulators 22 ' 23 are 
presently used as well, especially in the field of instrument calibration and control 24 . Extending the concept 
of integrated photonics from the near to the mid-infrared (i.e. beyond 2.5 ^m and up to 20 /im) is studied by 
different groups, including ourselves. Some directions are: 



• Silicon-on-insulator (SOI) technology. This is a technology platform which has been used for near-infrared 
photonic devices for more than twenty years, relying on low-loss properties of Silicon and Si02 in the near- 
infrared range. At wavelengths longer than 2.5 /im, Silicon maintains a high transparency up to ~7/um 
while SiC>2 losses increase rapidly beyond 3.6 /*m. If clearly not suited to the full mid-IR band, the SOI 
platform can remain a valid and technologically stable option for the astronomical L-band (~3-3.5/xm). 
This has recently been demonstrated in the lab at 3.39 /im with measured losses as low as 0.7dB/cm 25 
on multimode waveguides. However, the drawback of the SOI approach for stellar interferometry is the 
physical cross-section of the waveguides required to be single-mode. Indeed, because of the strong index 
difference n(air-silicon-Si02), the fundamental mode alone would be supported for a waveguide cross-section 
of 0.6x0.6/im, with obvious implications on the coupling efficiency with traditional optics. Increasing the 
operation range of the Silicon approach beyond 3.5 /im has also been tested by implementing porous-Si as 
a substrate. 

• An alternative recently advanced in order to increase the transmission range of the waveguides is Silicon- 
on-Sapphire. With a good transparency up to 6-7 /im and low index, Sapphire is interesting to be used as 
the low- index substrate* , which also reduces the risk of substrate leaking. This technology has been exper- 
imentally tested at 4.5 /im and 5.18 /im 26, 27 , exhibiting propagation losses of 4.3dB/cm and <2dB/cm, 
respectively, for single-mode structures. 

• More exotic solutions based on hollow core metallic waveguides were studied by ourselves, with the objective 
of exploiting the propagation in the air in order to enlarge the operational spectral range. However, the 
experimental results revealed significantly high-losses 28 , which makes this solution more adapted for ultra- 
short horned channel waveguides to be used as spatial filters rather than for complex integrated optics 
functions, or to be used at far-IR wavelengths. 

• A fourth and promising solution is covered by the chalcogenide glass waveguides technology. Chalcogenide 
glass is a popular infrared amorphous glass transparent up to ~12 /im, which transparency can be "tuned" 
via the production of telluride compositions. Chalcogenide single-mode rib- waveguides have been produced 
using etching techniques 29,30 . However, a very promising approach to those glasses resides in the laser 
writing technique, a method that exploits the permanent photo-darkening effect to produce more complex 
integrated functions. In the next sections, we report our recent results using this approach. 




Figure 1. Laser writing technique. Left: Cartoon illustrating the two-dimensional writing of waveguides using a CW 
HeNe laser on a As2Se3 core layer. Right: Principle of the three-dimensional ultrafast laser inscription technique using 
a pulsed laser (from Thomson et al. (2012) 31 ). 
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Figure 2. Left: Cross-section geometry of the two-dimensional laser written Y-junction delivered by the PNNL, with 
characteristic sizes of the waveguide. Right: View of the waveguides fabricated by ultrafast laser inscription technique. 
The spatial distribution of the waveguides shows how the three spatial directions are exploited. 

3. WAVEGUIDE FABRICATION 

3.1. Principle of laser writing 

This technique was already investigated by Efimov et al. (2001) 32 to write waveguides in chalcogenide glasses 
at 850 nm. The principle consists in focusing a high-power external radiation source like a laser onto a given 
location on the substrate surface in order to increase the refraction index of the glass, creating therefore a 
spatially localized index increase able to confine a wave. Laser writing can be obtained using a CW He-Ne 
laser or a ultrashort pulsed laser (e.g. at A=850nm or 1047 nm) as the writing probe. The approach is slightly 
different in the two cases and results essentially in accessing - or not - the third vertical direction for writing 
waveguides. This is illustrated in Fig. 1 and explained hereafter. The left-hand cartoon shows how the CW HeNe 
laser can pattern a structure of waveguides on the surface of a chalcogenide glass thin layer. The right-hand 
cartoon illustrates how a pulsed laser can be focused and displaced over the three directions X, Y, Z within a 
chalcogenide substrate, hence producing bent waveguides to be potentially gathered into a "waveguide bundle" . 
A specific modus operandi called multi-scan technique permits us to taylor independently both the waveguides 
size and index. The multi-scan technique produces square-section or rectangular-section waveguides. 

3.2. Two-telescope Y-junction beam combiner 

A Y-junction beam combiner has been produced by the PNNL''' using the CW HeNe laser writing technique. 
The design foresees an asymmetric-strip embedded waveguide structure. In the vertical direction, the high- 
index waveguide core is bounded by air (the upper cladding) and AS2S3 (the lower cladding). The core is 
made of high-index photomodified As2Se3. Because of the vertical index asymmetry for the superstrate-core- 
substrate arrangement, the vertical distribution of the fundamental mode is slightly asymmetric, which can 
result in coupling degradation when overlapped with the radially symmetric injection beam. In the horizontal 
direction, the waveguide core is symmetrically bounded by lower- index unmodified AS2S3 regions. The waveguide 
parameters are the thickness d=3.8/im and the width w=6.5 /xm (cf. Fig. 2). Considering the refractive index 
values of As2Se3 and AS2S3 available in the literature, the structure is single-mode by design beyond A=8.7/im. 
The fundamental mode has an elliptical shape with minor and major axes of ^9/im and ^18 //m, respectively. 
For the manufacturing phase, a first step is the consecutive thermal deposition of a 3.8 /im thick film of As2Se3 
on a 4.5 /nm thick film of AS2S3, according to the deposition parameters of Ho et al.(20 06) 33 . At 633 nm, the 
photons energy is larger than the bandgap of As2Se3, enabling the absorption of laser photons by the core layer. 
Non-linear phenomena under high irradiation results in a localized modification of the glass structure with a 

*In the SOI technology, the waveguide is structured as Si(high-index core) /Si02 (low-index cladding)/Si(high-index 
substrate). The Si02 thin layer confines the guided mode, but because of its few microns thickness it can also induce 
mode leaking in the Si substrate. 
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Figure 3. Left: two-dimensionally written Y-junctions in Arsenic-based glass. Right: three-dimensionally written 3T 
beam combiners in Sulphide glass. 

consequent modification of the refractive index. The high-index core layer can hence absorb those photons and 
be photomodihed. At the contrary, this is not the case for the AS2S3 substrate, which bandgap is higher than 
the photon energy. The refractive indices for the substrate AS2S3 and the core layer As2Se3 are, respectively, 
n c i a d= 2.38 and n COIC = 2.78 at 10 /im, while the laser-writing process induces a local index increase of 0.04-0.05 33 . 
The manufactured Y-junction is ~30mm long with a separation of 7 mm between the two arms. 

3.3. Three-telescope and three-dimensional beam combiner 

A second approach we investigated is the three-dimensional laser-writing of waveguides. Here, a pulsed laser is 
used as the writing tool and translated three-dimensionally directly into a chalcogenide glass bulk. Hence no 
preliminary high-index core layer deposition is required. Pulsed laser can deliver extremely high peak intensities 
over a few hundred of femtoseconds. Although the photon energy is sub-bandgap, the peak power reached at the 
laser focus is high enough to induce multi-photon absorption, resulting in a local modification of the material 
and of its index as this is shown in Fig. 1. The multi-scan technique allows one to define independently the 
rectangular cross-section of the waveguide. 

We have used research and commercial free- Arsenic chalcogenide sulphide glasses. The transmission upper limit 
is about ~1 0-11 /mi for both type of bulk glasses while the absorption is higher compared to Arsenic-based 
compounds such as AS2S3 (on the order of 2dB/cm). Different waveguiding structures were laser- written using 
the pulsed laser with the parameters of Rodenas et al. (20 1 2) 34 . We achieved An ranging from ^0.008 to 
~0.012, respectively for the single-mode and multimode structures at 10 /im, i.e. lower than in the case of CW 
laser- writing. The waveguides have a cross-sectional diameter of circa 35 /mi and a mode field diameter (MFD) 
varying from 53 /mi to 48 /im. An image of the fabricated waveguides is shown in Fig. 2. We have then produced 
a set of three-telescope beam combiners based on Y-junctions as shown in the right panel of Fig. 3. However, 
these devices were characterized later only as independent two-telescope Y-junctions due to the current design 
of the testbeds. 

Two photographs of the fabricated devices are shown in Fig. 3. These devices were designed to be single-mode 
at 10.6 /xm, with a bi- mode/single- mode cutoff between 8 and 9 /mi. 

4. CHARACTERIZATION AND RESULTS 
4.1. Goal of the characterization phase and testbed description 

A first characterization step is to analyze the modal behavior of the newly fabricated devices, and possibly 
to identify the different spectral intervals where the component can be single- mode, bi-mode etc... There are 
typically two ways of proceeding. 
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Figure 4. Near-field imaging characterization Left: at 3.39 (jm. Middle and Right: Effect on the near-field of single- 
mode versus multimode behavior. In this last case, the first higher order mode can be excited depending on input coupling 
conditions. 

The first one is to couple light into the input of the test waveguide using a fast lens or a single-mode fiber if 
available, and to image the output on a camera in such a way that the spatial profile of the modes is resolved. 
When apply small lateral displacements to the input beam, the different modes of a multimode waveguide can 
be excited and their characteristic shape clearly observed. For a single-mode waveguide, only the fundamental 
mode is resolved with its overall intensity varying as a function of the input coupling conditions. This method 
generally uses a monochromatic source and provide us information on the waveguide modal behavior at a given 
wavelength. An example is given with Fig. 4, where the single-mode versus multimode behavior for some three- 
dimensional ULI samples is assessed at 3 and 10 /im. 

The second method is based on the analysis of the waveguide transmission spectrum normalized by the transmis- 
sion spectrum of the testbench. We know from the theory that for a given waveguide, the number of supported 
modes decreases with increasing wavelength. Hence, the high-order propagation modes become gradually cut-off 
as the radiation wavelength increase, until the fundamental mode alone is still propagated. This loss in the 
number of supported modes can be observed in the form of sharp drops in the normalized transmission spectrum 
which correspond to partial loss of transmitted power. Due to its polychromatic nature, the transmitted power 
method 35 help us to identify the different spectral ranges of a corresponding spectral regime. 

A second important characterization step is the analysis of the interferometric performances of the fabricated 
device. Depending on the beam combiner feature (two- or three-telescope combiner) we aim at quantifying 
important parameters such as 

• the monochromatic and polychromatic interferometric contrast. 

• the instrumental phase and the instrumental closure phase 

• the photometric unbalance 

• the total throughput, the propagation losses 

• the chromatic dispersion for wide-band operation 

• input and output coupling losses 

• differential polarization effects between the different channels 

Other aspects may concern the temporal stability of the previous parameters, the response of the device to 
cryogenic temperatures, the impact of aging effects, or the mechanical robustness. Although it is not always 
possible to characterize all these parameters, this is likely the "minimum package" to be assessed in preparation 
to on-sky operation. 

For the purpose of this work, we have developed a spectroscopic testbed for the modal characterization and 
a Michelson-type testbed to be used for the interferometric characterization and/or for monochromatic near-field 
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Figure 5. Waveguide and calibration transmission spectra showing the possible bi-mode/single-mode cutoff at 8.5 /an. 
From Labadie et al. (201 f) 36 . 

imaging. The first bench is a Fourier Transform Spectrometer (FTS) designed to couple light in and out of 
the sample to be characterized. It covers the spectral range 2-14 /jm. The interferometric bench can operate in 
monochromatic light (A=10.6/xm) and with white-light sources as well, and can currently host only two-telescope 
beam combiners. More details can be found in Labadie et al. (2011) 36 . 

4.2. Modal characterization 

In addition to the near-field imging technique, we have investigated with the FTS testbed the modal behavior 
of the chalcogenide channel waveguides that were fabricated under the same conditions of the Y-junction deliv- 
ered by the PNNL. The objective was to identify the bi-mode/single-mode cutoff theoretically predicted in the 
8-12 fiuY range. We recorded multiple transmission spectra of the component between 2 and 14 /im together with 
several calibration spectra of the whole system without waveguide in order to eliminate the spectral response of 
the bench. A grid polarizer placed in the optical path permitted us to investigate both TE and TM polarization. 
The comparison of the two spectra is shown in Fig. 5. The spectra are affected by CO2 absorption at 4.2 fim 
and by water vapor absorption between 5 and 7 /zm, where any quantitative measurement becomes irrelevant. 
The FTS interferograms are scanned over 2 mm, resulting in 5 cm -1 spectral resolution. The blue curve in the 
left panel is the blackbody calibration raw emission spectrum acquired within the sensitivity range of the MCT 
detector, and which includes absorption features due to the lab atmosphere and to the testbench components. 
The red and green curves are, under identical experimental conditions, two different instances of the channel 
waveguide spectrum after coupling light in it. Both spectra have been normalized to their peak intensities since 
the two curves cannot be directly compared: only the relative variations are sought here. 

The clear intensity drop observed at 8.5 /jm is interpreted as the bimode/single-mode cut-off wavelength of the 
channel waveguide, which is also in good agreement with the theoretical value. 
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Figure 6. Waveguide and calibration transmission spectra for the three-dimensional ULI written samples. The red arrow 
indicates the possible cutoff wavelength. 



We conducted an analog study on the samples fabricated by ultrafast laser inscription. In this case, we compared 



qualitatively the trend of the transmission spectrum of the reference (i.e. bench without any component), of the 
bulk, and of the waveguide. This allows a normalization by the spectral response of the bench and/or of the 
bulk. The intensity on the y-axis is therefore in arbitrary units and not displayed here. The spectra presented 
in Fig. 6 covers the 2-14 /zm wavelength range and exhibit clear differences. In particular, the bulk spectrum 
shows a transparency cutoff around 11 /im of the GCIS glass composition (75GeS2-15Ga 2 S3-4CsI-2Sb 2 S3-4SnS) 
as reported in Rodenas et al. (20 1 2) 34 . Concerning the transmission spectrum of the waveguide, the trend is 
affected by water vapor absorption between 5 and 7 /jm and exhibit several peaks afterwards up to 9 /im which are 
more difficult to interpret. However, we observe at 9 /im a sharp cut-off followed by a decrease in intensity which 
appears very characteristic of a the bi- mode/single- mode cutoff of the waveguide (indicated by a red arrow). 
Complemented by interferometric tests, the spectroscopic analysis reinforce our statement of single-mode waveg- 
uides successfully fabricated for the 10 /j,m range. 

4.3. Interferometric characterization 
4.3.1. Monochromatic tests 

The first set of interferometric measurements aims at evaluating the achievable monochromatic contrast with 
the newly fabricated 2-D and 3-D devices. For this test, we use an adapted Michelson interferometer scheme 
where the two phase-shifted beams are injected separately into each of the inputs of a Y-junction function. By 
scanning the delay-line over typically ten fringes, we record the nulled and bright output from which the contrast is 
measured, after correction of the photometric unbalance between the two channels. The interferometric contrast 
and corresponding uncertainties are computed as described elsewhere 36 . 

We measured the contrast for three different devices: the single-mode Y-junction fabricated via 2-D CW laser 
writing by the PNNL; a single-mode Y-junction fabricated via 3-D ultrafast laser inscription; a multi-mode Y- 
junction fabricated following the same process. The result are presented in Fig. 7. In general, the monochromatic 
nature of the interferences ensures a relatively high contrast (90% or higher) , whatever the quality of the wavefront 
filtering is*. It is therefore required to seek for differences in contrast at the 1% level or better when operating 
with laser light. 




Figure 7. Monochromatic interferometric characterization of the two types of devices. 

In the left panel of Fig. 7, the stability of the interferometric contrast obtained with the PNNL sample is 
plotted against time over a duration of several hours. The contrast appears to remain very stable against the 
fluctuations of the laboratory environment. The mean contrast is measured at C=0.9807±0.0003 over 300 min. 
The 1-cr dispersion of the contrast is cr=0.001 (0.1%), and the propagated error from the individual measurements 
is e=0.009 (0.9%). 

The right panel of Fig. 7 shows a direct comparison of a multimode and a single-mode component obtained using 
3-D ultrafast laser inscription. The single-mode contrast is once again very high with an average value of 99.5% 
and a peak value of 99.89% (or p=5xl0 -4 in terms of rejection ratio). The contrast measurement in the case of 
the multimode structure leads to an average contrast of "only" 91.5%, or almost one order of magnitude worse 
in terms of rejection ratio. 



The polychromatic nature of the interference results generally in a degradation of the contrast. 



These results clearly shows the impact of the single-mode integrated optics device on the final quality and 
accuracy of the instrumental contrast. 

4.3.2. Polychromatic tests 

Interferometric polychromatic tests are also required in order to determine the achievable white-light contrast 
(i.e. close to on-sky operation) and to evidence possible chromatic effects related to dispersion. In this work, we 
did not use a hardware bandpass filter centered on 10 /jm, which would have permitted to directly record the 
interferometric and photometric signals, correct for the flux unbalance and derive the absolute contrast. Here we 
derive the shape of the interferogram out of the various recorded spectra shown in Fig. 7 as follows. The spectra 
are numerically filtered with a top-hat filtered centered on 10 /jm and with a bandwidth AA=2 /im. The filtered 
spectral range is represented by two dashed vertical lines on the different plots of Fig. 8. The Fourier Transform 
of the filtered spectra gives then the white-light interferogram for a 20% bandwidth centered at 10 fim. Note that 
only the spread of the interferogram is meaningful in this case in order to interpret possible dispersion effect. 
The absolute interferometric contrast (or visibility) cannot be retrieved since no photometric signal is available 
in the adopted bandwidth. Hence this important piece of information needs to be measured elsewhere. 




Figure 8. White-light interferograms in the 9-11 range obtained from numerical filtering of the FTS spectra. The 
comparison is made between the reference (bench), the bulk, and the beam-combiners. 



The left- and middle-panel of Fig. 8 show the white-light interferograms obtained as a reference (i.e. bench 
without any sample), as well as through the GCIS bulk. The fringe packets appear quite symmetric and the 
number of fringes is about ten, in agreement with the theoretical number of fringes expected for a white-light 
interferogram where no dispersion occurs (./V~2A C /AA, where N is the number of fringes and A c the central 
wavelength). In the case of the Y-junction, the right-panel of Fig. 8 shows a significantly different behavior 
of the fringe packet, which has a higher spread in OPD. Two systems of fringes can be observed, which is a 
clear indication of dispersion. The main packet is shifted by circa 70/mi with respect to the reference position. 
Typically, three possible origins are considered for such a level of dispersion: i) differential length of between 
two arms of the Y-junction and consequent chromatic dispersion, ii) modal dispersion if the device is multimodc 
or if the two arms have slightly different indices of refraction (i.e. the propagation constants are not strictly 
equal), iii) strong induced birefringence resulting in different behaviors for TE and TM polarization. Currently, 
the origin of the observed dispersion effect is still under investigation. However, some first reasoning is not in 
favor of the i) hypothesis (differential length between the two arms) since the laser location in the ultrafast laser 
inscription technique can be controlled down to ±20 nm, although this hypothesis cannot be discarded so far. 
In the case of the ii) hypothesis, typical differences between the indices of refraction of the two arms are on the 
order of An~T0~ 4 . A simple theoretical estimate of the resulting dispersion (i.e. An.L, where L is the length of 
the arms) is not in agreement with a 70 /im shift of the central fringe packet. Concerning the last hypothesis (i.e. 
birefringence) this has not been investigated yet, but if any, this effect could in a large part be responsible for 
such an effect. It is likely that it is, at the end, a combination of the three effects that results in the dispersion 
of the white-light interferogram. 



Note however that, if operating on an instrument, such devices would be coupled to a spectrometer, which by 
definition reduces the spectral bandwidth and diminishes the effect of the dispersion. 

4.4. Throughput and propagation losses 

As a complementary measurement, with provided some first estimates of the transmission characteristics of 
these new devices. Both the normalized spectrum technique and the Fabry-Perot etalon method were used 
independently. With the first technique an estimate of the coupling losses is needed in order to decouple them 
from propagation losses, which renders the final estimate more uncertain. The second method provides a more 
accurate measurement of the propagation losses. 

For the 2-D laser written device fabricated by the PNNL, independent losses were measured elsewhere on similar 
waveguides at the level of 0.5dB/cm, which is a very low number in view of future use at the telescope. This is 
because laser-written waveguides do not introduce the type of scattering losses found in etched waveguides. 
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Figure 9. Calibrated transmission spectrum for the estimate of the total throughput of the 3-D samples in the 7-10 /im 
range. 

The 3D ULI single-mode sample were first measured by spectroscopy as illustrated in Fig. 9. The normalized 
spectrum gives an indication of the total throughput in the spectral range 7-10 /im. A 20% throughput estimate 
is derived within the single-mode spectral range. This number accounts also for the Fresnel losses, which are at 
the level of ~35% in and out for uncoated facets. If the input and output coupling efficiency is made to vary 
between 65% and 78% the resulting propagation losses are found to vary between 0.7dB/cm and 2.2dB/cm, 
respectively. The lower value in this range is in agreement with what found by Ho et al. (20 06) 33 on Arsenic-based 
components. However, recent Fabry-Perot etalon measurements conducted on the ULI fabricated waveguides 
suggest that the propagation losses could be more on the order of 2-2.5 dB/cm. Further investigation is ongoing 
in order to optimize the process. 

5. CONCLUSIONS 

We reported in this paper recent advances made by our group in the field of mid-infrared integrated devices 
for astronomical applications, and in particular for telescopes beam combination in stellar interferometry. We 
developed both Y-junctions and three-telescope beam combiners based on the laser inscription of infrared glasses 
like Chalcogenide glasses. Very encouraging results are reported in terms of beam combination, single-mode 
behavior, stability of high-level monochromatic instrumental visibilities, and first estimate of the propagation 
losses. Further efforts are foreseen to investigate the performances of these devices in white-light operation, and 
in particular to investigate the origin of the measured dispersion of the fringe packets for a 20% bandwidth. On 
the short-term, we envision similar developments optimized for the L band, around 3.8 /im. 

ACKNOWLEDGMENTS 



This work was supported by the U.S. Department of Energy, Office of Nonproliferation and Verification Research 
and Development (NA-22). Pacific Northwest National Laboratory is operated for the U.S. Department of Energy 



by Battelle Memorial Institute under Contract No. DE-AC05-76RLO1830. 

A. Rodenas acknowledges financial support from the Spanish Ministerio de Educacin under the Programa de 
Movilidad de Recursos Humanos del Plan Nacional de I+D+I 2008/2011 for abroad postdoctoral researchers. 



REFERENCES 

1. Bland-Hawthorn, J. and Kern, P., "Astrophotonics: a new era for astronomical instruments," Optics Ex- 
press 17, 1880-1884 (Feb. 2009). 

2. Coude du Foresto, V., Pcrrin, G., Ruilicr, C, Mennesson, B. P., Traub, W. A., and Lacasse, M. G., "FLUOR 
fibered instrument at the IOTA interferometer," in [Proc. SPIE Vol. 3350, p. 856-863, Astronomical Inter- 
ferometry, Robert D. Reasenberg; Ed.], Reasenberg, R. D., ed., 3350, 856-863 (July 1998). 

3. Coude du Foresto, V., Borde, P. J., Merand, A., Baudouin, C, Remond, A., Perrin, G. S., Ridgway, S. T., 
ten Brummelaar, T. A., and McAlister, H. A., "FLUOR fibered beam combiner at the CHARA array," 
in [Interferometry for Optical Astronomy II. Edited by Wesley A. Traub. Proceedings of the SPIE, Volume 
4838, pp. 280-285 (2003).], Traub, W. A., ed., 4838, 280-285 (Feb. 2003). 

4. Petrov, R. G., Malbet, F., and Weigelt, G. et ai, "AMBER, the near-infrared spectro-interferometric three- 
telescope VLTI instrument," A&A 464, 1-12 (Mar. 2007). 

5. Pedretti, E., Monnier, J. D., Brummelaar, T. T., and Thureau, N. D., "Imaging with the CHARA interfer- 
ometer," New Astr. Rev. 53, 353-362 (Nov. 2009). 

6. Bcrgcr, J. P., Haguenauer, P., Kern, P., Perraut, K., Malbet, F., Schanen, I., Severi, M., Millan-Gabet, 
R., and Traub, W., "Integrated optics: first measurements of stars.," in [American Astronomical Society 
Meeting Abstracts #198], Bulletin of the American Astronomical Society 33, 881 (May 2001). 

7. Le Bouquin, J.-B., Berger, J. -P., and Lazareff, B. et al.., "PIONIER: a 4-telescope visitor instrument at 
VLTI," A&A 535, A67 (Nov. 2011). 

8. Labadie, L. and Wallner, O., "Mid-infrared guided optics: a perspective for astronomical instruments," 
Optics Express 17, 1947-1962 (Feb. 2009). 

9. Mennesson, B., Mariotti, J. M., Coude du Foresto, V., Perrin, G., Ridgway, S., Ruilier, C, Traub, W. A., 
Carleton, N. P., Lacasse, M. G., and Maze, G., "Thermal infrared stellar interferometry using single-mode 
guided optics: first results with the TISIS experiment on IOTA," A&A 346, 181-189 (June 1999). 

10. Heacox, W. D. and Connes, P., "Optical fibers in astronomical instruments," A&A Rev. 3, 169-199 (Apr. 
1992). 

11. Froehly, C, "Coherence and interferometry through optical fibers," in [Scientific Importance of High Angular 
Resolution at Infrared and Optical Wavelengths], Ulrich, M. H. and Kjaer, K., cds., 285-293 (1981). 

12. Tatulli, E., Mege, P., and Chelli, A., "Single-mode versus multimode interferometry: A performance study," 
A&A 418, 1179-1186 (May 2004). 

13. Coude du Foresto, V., Ridgway, S., and Mariotti, J.-M., "Deriving object visibilities from interferograms 
obtained with a fiber stellar interferometer," A&AS 121, 379-392 (Feb. 1997). 

14. Wallner, O., Leeb, W. R., and Winzer, P. J., "Minimum length of a single-mode fiber spatial filter," Journal 
of the Optical Society of America A 19, 2445-2448 (Dec. 2002). 

15. Wallner, O., Artjuschenko, V. G., and Flatscher, R., "Development of silver-halide single-mode fibers for 
modal filtering in the mid- infrared," Society of Photo- Optical Instrumentation Engineers (SPIE) Conference 
Series 5491, 636 (Oct. 2004). 

16. Ksendzov, A., Lewi, T., Lay, O. P., Martin, S. R., Gappinger, R. O., Lawson, P. R., Peters, R. D., Shalem, 
S., Tsun, A., and Katzir, A., "Modal filtering for midinfrarcd nulling interferometry using single mode silver 
halide fibers," Appl. Opt. 47, 5728 (Oct. 2008). 

17. Houizot, P., Boussard-Pledel, C, Faber, A. J., Cheng, L. K., Bureau, B., van Nijnatten, P. A., Gielesen, 
W. L. M., Pereira Do Carmo, J., and Lucas, J., "Infrared single mode chalcogenide glass fiber for space," 
Optics Express 15, 12529 (2007). 

18. Aggarwal, I. D. and Sanghera, J. S., "Development and applications of chalcogenide glass optical fibers at 
NRL," J. Opto- electron. Adv. Mater. 4, 665-678 (2002). 



19. Cheng, L. K., Dijkhuizen, N., Nieuwland, R., Faber, A. -J., Giclescn, W., Lucas, J., Boussard-Pledel, C, 
Houizot, P., and Pereira Do Carmo, J., "Development of infrared single-mode fibers for 2 wavelength bands 
of the Darwin mission: test results of prototypes," Society of Photo-Optical Instrumentation Engineers 
(SPIE) Conference Series 7420, 742006-742006-9 (Aug. 2009). 

20. Kriesel, J., Gat, N., Bernacki, B., Myers, T., Blcdt, C, and Harrington, J., "Hollow-core waveguides enable 
effective, single-mode fiber delivery of mid-IR laser beams," SPIE Newsroom, DOI:0. 1117/2.1201108.003794 
(Aug. 2011). 

21. www.irphotonics.com 

22. Hcidmann, S., Courjal, N., and Martin, G., "Active Y-junctions in the mid-IR based on Lithium Niobate Ti- 
diffused Waveguides: Application to Nulling Interferometry," in [CLEO-Europe and EQEC 2011 Conference 
Digest, OSA Technical Digest (CD) (Optical Society of America, 2011), paper JSIII2-5], (2011). 

23. Caballero-Calero, O., Nolot, A., Martin, G., and Courjal, N., "Single Mode Channel Waveguides and Y 
Junctions at 3.39 um using Ti Diffusion in Lithium Niobate," Special Issue AMARIS' 10 Conference, Non 
Linear Optics, Quantum Optics 43, 327-337 (2012). 

24. Follert, R., Herbst, T. M., Bizenberger, P., and Debonis, F., "The Atmospheric piston simulator as an inte- 
gral part of the calibration unit of LINC - NIRVANA," Society of Photo-Optical Instrumentation Engineers 
(SPIE) Conference Series 7734 (July 2010). 

25. Mashanovich, G. Z., Milosevic, M. M., Nedeljkovic, M., Owens, N., Xiong, B., Teo, E. J., and Hu, Y., "Low 
loss silicon waveguides for the mid-infrared," Optics Express 19, 7112 (Apr. 2011). 

26. Bachr-Jones, T., Spott, A., Ilic, R., Spott, A., Penkov, B., Asher, W., and Hochberg, M., "Silicon-on- 
sapphire integrated waveguides for the mid-infrared," Optics Express 18, 12127 (May 2010). 

27. Li, F., Jackson, S. D., Grillet, C, Magi, E., Hudson, D., Madden, S. J., Moghe, Y., O'Brien, C, Read, A., 
Duvall, S. G., Atanackovic, P., Eggleton, B. J., and Moss, D. J., "Low propagation loss silicon-on-sapphire 
waveguides for the mid-infrared," Optics Express 19, 15212-15220 (July 2011). 

28. Labadie, L., Labeye, P., Kern, P., Schanen, I., Arezki, B., and Broquin, J.-E., "Modal filtering for nulling 
interferometry. First single-mode conductive waveguides in the mid-infrared," A&A 450, 1265-1266 (May 
2006). 

29. Vigreux-Bercovici, C, Bonhomme, E., Pradel, A., Broquin, J.-E., Labadie, L., and Kern, P., "Transmission 
measurement at 10.6 /im of T^AsaSes rib waveguides on AS2S3 substrate," Applied Physics Letters 90, 
011110 (Jan. 2007). 

30. Vigrcux, C, Barthelemy, E., Bastard, L., Broquin, J.-E., Barillot, M., Menard, S., Parent, G., and Pradel, 
A., "Realization of single-mode telluride rib waveguides for mid-IR applications between 10 and 20 ^m," 
Optics Letters 36, 2922-2924 (Aug. 2011). 

31. Thomson, R. R., "Controlling the Cross-section of Ultrafast Laser Inscribed Optical Waveguides," in [Fem- 
tosecond Laser Micromachining: Photonic and Microfluidic devices, Edited by R. Osellame, G. Cerullo, and 
R. Ramponi], (2012). 

32. Ehmov, O. M., Glebov, L. B., Richardson, K. A., Van Stryland, E., Cardinal, T., Park, S. H., Couzi, M., and 
Bruneel, J. L., "Waveguide writing in chalcogenide glasses by a train of femtosecond laser pulses," Optical 
Materials . 

33. Ho, N., Phillips, M. C, Qiao, H., Allen, P. J., Krishnaswami, K., Riley, B. J., Myers, T. L., and Anheier, 
Jr., N. C, "Single-mode low-loss chalcogenide glass waveguides for the mid-infrared," Optics Letters 31, 
1860-1862 (June 2006). 

34. Rodenas, A., Martin, G., Arezki, B., Psaila, N., Jose, G., Jha, A., Labadie, L., Kern, P., Kar, A., and 
Thomson, R., "Three-dimensional mid-infrared photonic circuits in chalcogenide glass," Optics Letters 37, 
392 (Feb. 2012). 

35. Lang, T., Thevenaz, L., Ren, Z. B., and Robert, P., "Cut-off wavelength measurements of Ti:LiNb03 channel 
waveguides," Measurement Science and Technology 5, 1124-1130 (Sept. 1994). 

36. Labadie, L., Martin, G., Anheier, N. C, Arezki, B., Qiao, H. A., Bernacki, B., and Kern, P., "First fringes 
with an integrated-optics beam combiner at 10 /xm. A new step towards instrument miniaturization for 
mid-infrared interferometry," A&A 531, A48 (July 2011). 



